An improved in situ hybridization technique, HNPP-FISH, using 2-hydroxy-3-naphthoic acid 2'-phenylanilide phosphate (HNPP) and Fast Red TR was applied to analyse the community structure of planktonic bacteria in river water. Oligonucleotide probes specific for the domain Bacteria (EUB338) and five bacterial groups [Ha wobacterium-Cytophaga; Burkholderia~seudomonas (rRNA Ill)-authentic Alcaligenes; VibriwAeromonas; Pseudomonas (rRNA I); the genus Acinetobacter] were used to investigate the bacterial community structure at two sites differing in organic carbon pollution level. A t the eutrophic site, 54-68% of all cells visualized by staining with DAPl (4',6-diamidino-2-phenylindole) could be detected with probe EUB338. In samples from the oligotrophic site, 3 9 4 5 % of the total cells hybridized with EUB338. At the eutrophic site, approximately 50% of the total cells were identified with the five group-specific probes; the bacterial community structure was dominated by the Flawobacteriu~Cytophaga group and BurkholderiaPseudomonas (rRNA Ill)-authentic Alcaligenes group. A t the oligotrophic site, only 2638% of the total cells were identified with the five group-specific probes. The community structure at the oligotrophic site was similar to that at the eutrophic site, although the percentage of EUB338-detectable cells differed. No appreciable change was found in the community structure during the sampling period at either site. The improved HNPP-FISH technique should be a useful tool for the analysis of microbial community composition.
INTRODUCTION
Complex microbial communities carry out various environmental processes which are essential to maintain Peele et al., 1981; Torsvik et al., 1990) despite the fact that many environmental bacteria cannot yet be cultivated by conventional laboratory techniques (Kogure et al., 1979; Olsen & Bakken, 1987) .
ecosystems, a i d the biogeochemical significance of bacteria is well established (Belser, 1979; Lovley, 1991 ; Wolin & Miller, 1987) . However, current knowledge of the structure and dynamics of natural microbial communities is rather limited, and the bacteria are still treated as a ' black box ' in most ecological studies. Most studies on microbial community composition have been based on culture-dependent methods (Maeda, 1980 ;  Abbreviations: FISH, fluorescent in situ hybridization; HNPP, 2-hydroxy-3-naphthoic acid 2'-phenylanilide phosphate.
Various approaches have been used to identify microorganisms in natural samples without the requirement for laboratory cultivation. These include direct sequence analysis, sequencing of extracted 5s rRNAs, and analysis of rRNA using reverse transcriptase or cloned rRNA genes obtained by amplification using PCR (Giovannoni et al., 1940; Stahl et al., 1985; Weisburg et al., 1991) . A new technique, denaturing gradient gel electrophoresis has been developed which identifies sequence variations in a number of genes from complex microbial communities (Teske et al., 1996) . However, the extraction, purification and amplification of nucleic acid from T. KENZAKA and OTHERS original samples is often selective and reductive (e.g. Suzuki & Giovannoni, 1996) .
Whole-cell hybridization techniques with fluorescently labelled, rRNA-targeted oligonucleotide probes allow not only detection of specific bacteria at the single-cell level but also determination of their abundance in complex communities (Amann et al., 1990; Hicks et al., 1992; Wallner et al., 1995) . Investigations of this type on a natural aquatic system have been carried out by several researchers (Hicks et al., 1992; Glockner et al., 1996; Ramsing et al., 1996) . However, the application of in situ hybridization to the oligotrophic environment remains limited (Alfreider et al., 1996) . This is primarily because the copy number of rRNA-binding sites in naturally occurring bacteria is much lower than in cultured systems . Various approaches to amplifying signals on the basis of an enzymic reaction have been developed (Lebaron et al., 1997; Schhuber et al., 1997) . We recently reported a new fluorescent in situ hybridization technique, HNPP-FISH, using 2-hydroxy-3-naphthoic acid 2'-phenylanilide phosphate (HNPP) and Fast Red TR, which enhances the fluorescent signals eightfold compared to standard fluorescent in situ hybridization (FISH) with mono-FITC-labelled oligonucleotide probes (Yamaguchi et al., 1996) . In the study reported here, this technique was applied to the analysis of planktonic bacterial cells in river water.
METHODS
Organisms and culture conditions. Growth conditions and media for the organisms used in this study were as follows: Escherichia coli, 37 "C in LB medium (1 '/o tryptone, 0.5 '/o yeast extract, 0 5 YO NaCl ; pH 7.0) ; all other bacterial species, 30 "C in LB medium (genus Flavobacterium, 0 '/o NaCl; genus Vibrio, 3 '/o NaCl; all other strains, 0.5 '/o NaCl) (Yamaguchi et al., 1996) . Sampling. River water was collected at Takayama (34" 52' 12" N, 135" 28' 60" E) and Kitahashi (34" 41' 27" N, 135" 32' 3" E) in northern part of Osaka, Japan (Fig. 1) . Characteristics of the river water are listed in Table 1 . Takayama is surrounded by forest. At this point, the river is narrow, shallow and fast-flowing. The stream bed is very rocky and the water is not exposed to domestic or industrial effluents. Kitahashi is located in a commercial area, Osaka Business Park, and considered to be highly polluted. Domestic water flows into this river upstream. Water samples were collected from the surface at each site and the physico-chemical and microbiological parameters regularly determined. The microbial community in the river water samples taken in January, April, and October of 1996 was analysed by in situ hybridization.
Oligonucleotide probes. An aligned database of 16s and 23s rRNA sequences was obtained from GenBank (Release 84.0). Design of oligonucleotide probes for specific bacterial groups was carried out as described previously (Yamaguchi et al., 1996) . Five probes specific for different groups of Proteobacteria and the Flavobacterium-Cytophaga cluster were designed (Fig. 2, Table 2 ). These probes are targeted to regions of the 16s rRNA characteristic for the FlavobacteriurnCytophaga group (FC) , the Burkholderia-Pseudomonas (rRNA 111)-authentic Alcaligenes group (BPA), the genus Acinetobacter (Ac) and the Vibrio-Aeromonas group (VA), and to regions of 23s rRNA for Pseudomonas (rRNA I) [P(I)]. Target bacteria had fewer than three mismatches with each probe. The probe EUB338, specific for the domain Bacteria (Amann et al., 1990) , and the negative control probe NON338 (Wallner et al., 1993) , were also used.
In situ hybridization. Paraformaldehyde (12 '/o, w/v, in PBS) was added to the collected samples to a final concentration of 3 '/o (w/v) and cells were fixed at 4 "C overnight. Cells were captured on polycarbonate filters (Millipore; pore size 0.2 pm) which were then transferred to centrifuge tubes (Iwaki Glass; volume 50 ml), and resuspended in 2 ml double-distilled water. Bacterial cells from river water samples were similarly concentrated.
HNPP-FISH of river water samples was performed by a modification of the method described in our previous report (Yamaguchi et al., 1996) . Twenty microlitres of fixed cell suspension was spotted onto gelatin-coated slides [O-1 O/O gelatin, 0.01 YO KCr(SO,),], and dried under vacuum. After dehydration in 50, 80, and 100% (v/v) ethanol (3 min each), samples were incubated with lysozyme (0.5 mg ml-l in 100 mM Tris/HCl pH 8.2,50 mM EDTA) at 4 OC for 15 min, rinsed with double-distilled water, and dehydrated as described above. Permeabilization was promoted by treatment with proteinase K at a final concentration of 0 1 pg ml-' in TE buffer (10 mM Tris/HCI pH 8.2, 1 mM EDTA) for 3 min at room temperature and samples were rinsed and dehydrated as described above. Evaluation of probe specificity. The specificity of each designed probe was evaluated by autoradiography with 30 strains. Colony hybridization with 32P-labelled probe was performed by a modification of the method described by Berger & Kimmel(l987) . Hybridization was done at 42 "C for 2 h in a solution containing 100 ng labelled probe DNA with a specific activity of 1 x lo8 c.p.m. pg-' , 5 x SSC, O-l0/o SDS, tenfold-diluted blocking reagent (Amersham), 0 1 '/o blocking component (Amersham) and 100 pg denatured salmon sperm DNA ml-'. Washing for the EUB and BPA probes was at 65 "C with 1 M NaCl. Washing for the Ac probe was at 65 "C with 0 5 M NaC1. Washing for the P(I), VA and FC probes was at 70 "C with 1, 0.5 and 0.25 NaCl, respectively. The specificity of the designed probes was also tested with whole fixed cells of 30 strains by HNPP-FISH.
T. K E N Z A K A and O T H E R S

RESULTS AND DISCUSSION
Specificity of the designed probes
The target groups of the newly designed probes are shown in Fig. 2 . Probe Ac is the only genus-specific probe. Pseudomonas (rRNA I) bacteria have no specific region on the 16s rRNA sequence which can be discriminated from close relatives; thus the 23s rRNA sequence was preferred for design of a specific probe. The specificity of the probes was evaluated by colony hybridization with the bacterial strains listed in Table 3 .
Optimal washing conditions to maximize specificity for each probe were determined. Under appropriate hybridization and washing conditions, each probe bound only to the rRNAs of the predicted target strains and not to the non-target strains (data not shown).
Sensitive identification of individual bacterial cells by HNPP-FISH has been reported previously (Yamaguchi et al., 1996) . In this study, fluorescent signals were enhanced and background lowered by the following improvements : (i) introduction of proteinase K treatment; (ii) addition of Tween 20 to the antigen/antibody reaction buffer ; (iii) increase of antibody concentration in the antigen/anti body reaction. The improved method was applied to evaluate the suitability of digoxigeninlabelled probes and to analyse community structure in natural samples.
The specificity of the designed probes was tested by in situ hybridization. The stringency of hybridization was adjusted by gradually increasing (in 5 % intervals) the formamide concentration in the hybridization buffer while keeping ionic strength (0.9 M NaCl) and hybridization temperature (37 "C) constant. Specificity and hybridization conditions with the five group-specific probes are shown in Table 3 . The results show that each probe detected target bacteria even with one, two or three mismatches.
Recovery rate of bacterial cells
The change in absolute numbers of cells during the individual steps of in situ hybridization was estimated. When bacterial cells from the polycarbonate filter were resuspended, recovery of cells on to the gelatin-coated slides approached 100 Yo in Kitahashi samples ; recovery was 74-90% in Takayama samples. Neither the lysozyme nor the proteinase K step influenced the cell counts of samples under our conditions. The loss of bacterioplankton cells on gelatin-coated slides during all experimental steps was estimated by comparing the cell number obtained by digital images of the same microscopic fields captured by cooled CCD camera before In situ rRNA hybridization of bacteria in rivers Table 2 for probe specificities. Fig. 4 . The bright orange staining of bacteria facilitated reliable enumeration (Fig. 4a, c) . Counterstaining hybridized cells with DAPI allowed enumeration within the same preparation of both the total number of bacterial cells and the cells that were detected by a given probe (Fig. 4b, d ).
Definitive studies correlating environmental conditions with microbial community composition in natural samples are difficult because, until recently, few methods have been available for identifying and quantifying specific bacteria or bacterial groups in the environment without cultivation. In the present study, HNPP-FISH, which we recently used for the sensitive identification of cultured cells (Yamaguchi et al., 1996) , was applied successfully to the analysis of complex microbial communities in natural river water with differing levels of pollution. Application of standard FISH with mono-FITC-labelled oligonucleotide probes to river water samples from Kitahashi was less successful ; fewer than 20% of all DAPI-stained cells were positive with EUB338 (data not shown). Sensitive in situ hybridization with HNPP/Fast Red TR, as employed here, amplifies the fluorescent signal of hybridized bacterial cells by an enzymic reaction. Recently, hybridization with Cy3-labelled oligonucleotide probes in the natural aquatic environment has been reported (Alfreider et al., 1996 ; Glockner et at., 1996) to give detection yields in a similar range to those reported here.
Interestingly, the percentage of total bacteria detectable with EUB338 differed at Kitahashi (the eutrophic site) and Takayama (the oligotrophic site). This is probably due to differences in the abundance of bacteria with enough rRNA for detection. The general metabolic activity of bacterioplankton is presumably higher in a eutrophic environment. For example, Kirchman et al. (1985) demonstrated that levels of uptake of radioisotope-labelled substrates as an index of protein synthesis were higher at sites where the micro-organisms were exposed to higher levels of pollutants, and we found that estimates of physiologically active bacteria in eutrophic rivers were higher than those in oligotrophic rivers (Yamaguchi et al.,1997) . At eutrophic sites, bacteria may be growing faster and have a higher rRNA content.
Hybridization with the five group-specific probes resulted in straightforward detection of stained individual cells. Group-specific probe counts for both samples are given as the percentage of DAPI-stained cells in Fig. 3 . In the sample from Kitahashi on 29 January, FC (30 f 3 YO)
and BPA (13f1%) counts predominated over Ac (3f0.5%), VA (2+0.5%) and P(1) (2+1%) counts. The community structure did not change appreciably at other sample dates (Fig. 3) . Community composition in the sample from Takayama on 25 January was 11 f 3 YO FC, 10flY0 BPA,8+2% Ac,5+2% VAand5+_0*5% P(1). Similar results were obtained from the samples of 18 April and 9 October (Fig. 3) .
The thorough analysis of microbial community structures requires hybridization with nucleic acid probes for specific populations in the environment of interest. Wagner et al. (1994) applied oligonucleotide probes specific for the genus Acinetobacter for in situ monitoring in activated sludge. Ramsing et al. (1993 Ramsing et al. ( , 1996 used specific probes for sulfate-reducing bacteria to help elucidate the role of the bacteria in the environment. In the present study, five specific probes for certain bacterial groups that are often reported to exist in the natural aquatic environment were designed and employed to analyse microbial community structure in river water. The sum of all bacteria classified by these probes was more than 50% of the DAPI-stained cells in the sample from Kitahashi and 25-38% from Takayama. Most of the EUB338-detectable cells could be identified with the five group-specific probes (Fig. 3) . The oligonucleotide probes in this study thus provide a substantial amount of information on bacterial community structure in the river water ecosystem. We believe that this study is the first to closely examine the community composition of the bacteria in river water. Rivers are important ecosystems but the characterization of their indigenous bacterial populations has been comparatively neglected. in natural aquatic systems on the basis of culturedependent methods. A predominance of Flavobacterium in river and lake samples has been reported in several studies (Lighthart, 1975; Konda & Tezuka, 1979; Maeda, 1980; Stopinski, 1981; Nuttall, 1982; Sugita et al., 1982; Flint, 1985) . The detection of Flavobacterium as a predominant genus is consistent with our results: Flauobacterium-Cytophaga (FC) group bacteria dominated the bacterial community at both sites throughout the sampling period. FC-group bacteria may be common in freshwater systems, and sometimes constitute a considerable cell fraction. Analysis of the physiology of members of the predominant genera will increase our understanding of their roles in nature, and studies combining modern molecular and traditional cultivation-based techniques should give new insights into the ecology of rivers.
This study demonstrated the feasibility of HNPP-FISH analysis of environmental samples with group-specific oligonucleotide probes. However, 30-40 ' % of the DAPIstained cells in the sample from Kitahashi, and approxi- 1997) . Moreover, the sensitivity of the in situ PCR technique could be further improved by employing highsensitivity optical instruments such as the cooled CCD camera (Ramsing et al., 1996) .
